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The supported nano-TiO2 electrode was prepared in laboratory, and the photoelectrocatalytic 
degradation of phenolic pollutants at different experimental conditions under simulated sunlight by 
using a xenon lamp was investigated carefully. The characteristics of the TiO2 film were 
characterized by means of X-ray diffraction, and scanning electron microscopy techniques. The 
effects of external bias potential, initial pH and dissolved oxygen on the photoelectrocatalytic 
degradation of phenol pollutant were researched. The results showed that phenol in alkaline 
solution was degraded faster than that in acidic solution whereas dissolved organic carbon removal 
presented an opposite order in dependence of pH. In the meantime, it was found that the role of 
dissolved oxygen on the phenol and its intermediates mineralization with the TiO2 film was 
significant by the examination of total organic carbon.  
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1  INTRODUCTION 
 
Recently, many researchers have paid attention to the 
photoelectrochemical methods for the degradation of 
the organic pollutants under UV irradiation (1-4), their 
fundamental aims were to enhance photogenerated 
electron/hole separation and photocatalytic degradation 
efficiency by an anodic potential bias. In these studies, 
photoelectrocatalysis has been used under UV 
illumination and the photo-generated electrons in the 
excited TiO2-film anode are taken away via the external 
circuit, and consequently, the photo-hole (h+) is left at 
the surface of the TiO2 electrode. Therefore, it is 
possible to improve the efficiency of oxidation (i.e., 
reaction with holes) at the semiconductor-electrolyte 
interface. Most of the photocatalytic degradation 
reactions are taken place in the presence of water, 
oxygen, TiO2 and target contaminants. The 
photoelectrochemical degradation mechanism has also 
been examined in these studies. However, most of them 
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have only emphasized the enhancement in the 
formation of hydroxyl radicals or holes, and their roles 
for the degradation of organic pollutants (5-7), but 
neglected the roles of dissolved oxygen and related 
species. Therefore, the obtained conclusion and 
mechanism are incomplete and unconvincing to some 
extent.  
In this study, we highlight the photoelectrochemical 
method on the application for the investigation of 
photocatalytic mechanism of the degradation of phenol 
under simulated sunlight by using a xenon lamp. By 
using TiO2 film prepared on TCO glass as a working 
electrode, we have carefully researched the effects of 
external bias potential, initial pH and dissolved oxygen  
on the degradation kinetics and organic carbon removal 
of phenol.  
 
2  EXPERIMENTAL SECTIONS 
 
2.1  Materials 
Conducting glass sheets (<20 Ω/square, Lanbao 
Technologies Limited, transparent conductive oxide 
coated glass plates of fluorine-doped SnO2) were 
－　155　－
Juan YANG and Jian-tong LI
－ 148 － 
employed as substrates for TiO2 film coating. Titanium 
isopropoxide was obtained from Aldrich Chemical Co. 
1, 2, 4-benzentriol, phenol, catechol, hydroquinone, 
benzoquinone, and all other chemicals were of 
analytical reagent grade and used without further 
purification. Glycolic acid, maleic acid, succinic acid, 
fumaric acid, malic acid, muconic acid, 1, 1, 1, 3, 3, 
3-hexamethyldisilazane (HMDS), chlorotrimethylsilane 
(TMSCl) and anhydrous pyridine were purchased from 
J&K Chemical Ltd. and used as received. Deionized 
and doubly distilled water was used throughout this 
study. The pH of the solutions was adjusted with dilute 
aqueous solutions of HClO4 and NaOH. 
 
2.2  Degradations   
The photoelectrocatalytic degradation experiments 
were performed in a two-compartment reactor and 
standard three-electrode mode. A porosity glass frit was 
used to separate the two compartments while allowing 
electrolyte (0.1 M Na2SO4) to permeate. The electrodes 
consisting of a TiO2 working electrode, a Pt foil (0.5 × 
4 cm2) counter electrode and a saturated calomel 
electrode (SCE) as reference. TiO2 film electrode was 
prepared and characterized according to the method 
described in our earlier study (8). The cell was sealed 
with rubber stopples in the gas-sparging experiments. 
The photoactive area of the TiO2 electrode was 6 cm
2. 
The reference electrode and counter electrode were 
separated from the working electrode and were not 
exposed to illumination. A potentiostat model DJS-292 
was used to bias the TiO2 electrode and to measure the 
photoelectrochemical parameters. Irradiations were 
carried out using a 300W xenon lamp.  
 
2.3  General Instrumentation 
Kinetic runs were analyzed by HPLC. Samples of 
approximately 0.5 mL were taken out before photolysis 
and at regular intervals during the irradiation. The 
concentrations of phenol and the hydroxylated products 
were measured by HPLC using a Dionex HPLC with a 
UVD 340S diode-array detector and a Dionex P580 
pump. Substances were routinely quantified from their 
absorbance at 230 nm. The eluent was 55 % aqueous 
methanol and 45 % phosphate buffer solution (0.1 %, 
v/v). The flow rate was 1.0 mL min-1. The 
identification of the intermediates by HPLC was 
preformed by comparing the retention times and UV 
spectra with those of standards. Pseudo-first-order 
decays were obtained from plots of concentration of 
phenol vs reaction time. Relative standard errors of the 
fits were all <5 %.  
GC-MS analyses were carried out after the 
silylation(9) of intermediates by a Finnigan Trace GC 
ultra gas chromatograph using a 25 m DB-5 column, 
coupled with a Finnigan Trace DSQ mass spectrometer. 
The injector port was set for split operation at 250 ℃. 
The temperature program of the column was as follows: 
at 80 ℃, hold time = 2 min; from 80 to 200 ℃, rate = 
10 ℃/min. 
The surface morphology and crystal composition of 
the anodic TiO2 film were examined by the S-4300F 
field-emission scanning electron microscopy and 
Rigaku D/max-2500 X-ray diffraction measurement. 
Total organic carbon was measured by a Tekmar 
Dohrmann Apollo 9000 TOC analyzer. 
 
3  RESULTS AND DISCUSSION 
 
3.1  Morphology and structure of nano-TiO2 film 
The morphology of TiO2 film was examined by SEM 
and its image was shown in Fig. 1. It can be seen that 
the nano-film uniformly consisted of TiO2 particles of 
about 40-50 nm in diameter. The XRD pattern of the 
nano-TiO2 film calcined at 450℃ was analyzed, as 
shown in Fig.2. The TiO2 film had characteristic peaks 
at 25.32°(101), 37.58°(101), 47.95°(200), 53.80°(211), 
and 62.67°(220). According to the XRD peaks and 
JCPDS number (211272), the crystal form of TiO2 film 
was mainly anatase phase. From the SEM and XRD 
results, it can be confirmed that the well-coated TiO2 
particles well spread on the conductive glass substrate 
successfully during the sol-gel and hydrothermal 
process. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Surface images of TiO2 film by SEM 
 
 
 
 
 
 
 
 
 
 
 
Figure 2 XRD patterns of the TiO2 film on SnO2: 
F-coated glass substrates 
 
 
3.2  Photoelectrochemical degradation of phenol 
In the photoelelctrochemical cell, external potential 
always plays a crucial role on the degradation of 
various organic pollutants. For example, our earlier 
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study has indicated that under visible-light irradiation, 
cathodal bias can significantly accelerate the 
degradation and mineralization of cationic dyes in the 
TiO2-film photoelectrocatalytic system, due to the 
improvement of generation of superoxide radical 
anions (8). To select an appropriate bias potential, we 
determined the photocurrent yielded by using different 
external potential. After 10 min of UV irradiation, the 
photocurrent reached a maximum and kept constant in 
a relative long time. The maximum photocurrent 
density was plotted against applied potential bias. It can 
be seen from Fig. 3 that anodic bias (0.3 V vs SCE) was 
adequate to efficient separation of photogenerated 
electron/hole. But to ensure the capture of 
photoelectrons by bias potential instead of oxygen 
molecule and avoid the electrolysis of water with a 
relative high external potential, we chose 0.6 V in the 
whole photoelectrochemical experiments unless noted 
otherwise. 
The organic substrates may undergo decomposition 
driven by electrolysis, photocatalysis and synergic 
photoelectrocatalysis in the photoelectrochemical 
system. The degradations of phenol, which is the 
simplest and representative aromatic pollutant, under 
various conditions are shown in Fig. 4.  
Figure 3 Photocurrent density after 10 min of UV 
irradiation by using different external bias 
Figure 4 Degradation of phenol (2×10 -4  mol/L, pH ≈
10) under different conditions: a) only under UV 
irradiation; b) at bias of 0.6 V in the dark; c) under UV 
irradiation and at a bias of 0.6 V; d) the same as c) 
except continuously purged with argon.
When no external potential was applied, the 
illumination with UV light resulted in the degradation 
at a rate constant of about 6.87×10-3 min-1(curve a), 
estimated by pseudo-first-order kinetic mode. Direct 
electrochemical degradation of phenol without UV 
irradiation exhibited slow rate constants of 1.04 × 10-3
min-1 (curve b). In contrast, about 93% of phenol 
disappeared by applying + 0.6 V to the TiO2 electrode 
after 240 min of UV irradiation, and a much greater 
rate constant of 1.10 × 10-2 min-1 was observed (curve 
c). All of the above experiments were carried out in 
oxygen saturated aqueous solution. When the 
photoelectrochemical cell was purged with pure argon 
throughout the experiment, phenol decayed away at a 
rate constant of about 1.04 × 10-2 min-1 (curve c), which 
is very similar to the oxygen-saturated system. It is 
indicated that the degradation of phenol, more 
accurately, the initial process of degradation was 
irrespective to the presence or absence of oxygen in the 
photoelectrochemical cell. In all the above systems, 
little degradation of phenol was observed in the 
counter-electrode (Pt) compartment, indicating that Pt 
electrode exhibits little electrolytic activity for the 
degradation of phenol at the present bias potential, and 
that the transformation of phenol between the two 
compartments of photoelectrochemical cell is 
negligible. 
The initial phenol (2×10-4 mol/L) contains 13.5 
ppm of TOC. After the adsorption of phenol on the 
surface of TiO2 electrode, the TOC values in the 
supernatants dropped slightly to 13.2 and 13.0 ppm for 
the O2-bubbling and Ar-sparging systems, respectively. 
In the Ar-sparging case,  
Figure 5 Temporal changes in total organic carbon 
(TOC) of the degraded bulk solution during the 
photoelectrocatalytic degradation of phenol under UV 
illumination and 0.6 V bias potential 
Figure 6 Effect of initial pH on the kinetics of 
photoelectrocatalytic degradation of phenol 
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Table 1. Effect of pH on the phenol degradation and TOC removal after 240 min UV irradiation 
Experimental 
No. 
pH Degradation of phenol Removal yield of 
TOC (%) Initial pH Final pH k / min-1 (%) 
1 2.8 2.2     0.006 92 82 
2 4.2 2.5     0.008 95 75 
3 6.5 3.0     0.011 96 72 
4 10 4.5  0.015 99 68 
TOC in the solution displayed limited and slow 
decrease during the irradiation period. In fact, less than 
11.2 % of TOC was removed after nearly 5 h of 
irradiation, indicating that mineralization of phenol 
occurred only to a slight extent under the conditions 
used. However, in the oxygen-saturated system, TOC 
decreased more than four times faster relative to the 
Ar-sparging case (4.60×10-3 min-1 versus 1.14×10-3
min-1). After a 4 h irradiation period, ca. 68% of TOC 
was removed from the bulk solution in the 
oxygen-saturated condition. 
Solution of pH is one of the most important 
parameters that influence the photocatalytic reactions. 
To study the effect of pH on the photoelectrocatalytic 
degradation of phenol, we have carried out the 
following comparison and experimental data are 
indicated in Fig.6.  
When the initial pH at 2.8, the kinetics constant is 
only 6.0×10-3 min-1, estimated by pseudo-first-order 
kinetic mode. The solution pH changed finally 2.2 from 
the initial 2.8 after the illumination for 240 min.  
However, at the initial pH about 10, the degradative 
rate constant is about 15×10-3 min-1, which is enhanced 
by a factor of 2.5 at initial pH of 2.8. Similarly, the pH 
of phenol solutionWhen the initial pH at 2.8, the 
kinetics constant is only 6.0×10-3 min-1, estimated by 
pseudo-first-order kinetic mode. The solution pH 
changed finally 2.2 from the initial 2.8 after the 
illumination for 240 min. However, at the initial pH 
about 10, the degradative rate constant is about 15×10-3
min-1, which is enhanced by a factor of 2.5 at initial pH 
of 2.8. Similarly, the pH of phenol solution decreased 
to 4.5 from the initial 10. It can be seen from Table 1, 
the higher initial pH is propitious to the degradation of 
phenol, and some acidic intermediates are generated 
during the photoelectrocatalytic degradation. 
From the experimental data in Table 1, we can also 
see that the initial pH has influence in the removal of 
TOC. However, compared to the influence of kinetics 
constant, the effect of initial pH in the removal yield of 
TOC has the opposite trend. For example, at the initial 
pH of 2.8, the rate constant is only 6.0×10-3 min-1, but 
the removal yield of TOC reaches 82% after 240 min 
irradiation. Whereas, at the initial pH about 10, the 
removal yield of TOC is only 68%. These experimental 
results demonstrated that the acidic condition is prone 
to the following degradation and mineralization of the 
intermediates of phenol.   
In our case, the higher pH about 10 selected in the 
phenol photoelectrocatalytic degradation may be 
attributed to three reasons: (1) more ·OH radicals are 
formed at this pH with more OH－; (2) the transference 
of phenol and intermediates to the TiO2 electrode is 
also possible on the effect of externally positive bias, 
although there is electrostatic repulsion between 
negative organic compounds and the TiO2 surface at 
this pH; (3) more stable intermediates, especially 
acyclic acids, can be detected at the pH to explore the 
photocatalytic pathway, since acidic condition is more 
favorable for the mineralization of these acidic 
products (9, 10). 
3.3 Product Distributions 
In the absence of oxygen, the photoelectrocatalytic 
degradation of phenol mainly generated hydroxylated 
intermediates detected by HPLC. The experiments 
were carried out by continuously bubbling argon in the 
working electrode compartment. The hydroxylated 
products with retention times of 2.55 min, 3.14 min, 
4.27 min and 6.01 min were identified as 
1,2,4-benzenetriol, hydroquinone, benzoquinone and 
catechol by comparison to authentic samples. Fig. 7 
indicated the kinetics of the disappearance of phenol in 
the argon-saturated aqueous solution along with the 
formation and subsequent transformation of these 
intermediates in the TiO2 working electrode 
compartment. 
Figure 7  Concentrations of phenol and intermediate 
degradation products in an argon saturated solution at 
an applied of +0.6 V 
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The identical hydroxylated intermediates were 
detected in the oxygen saturated photoelectrocatalytic 
system. Difference from that of no oxygen was the 
relative quantity and decay kinetics of these products. 
Most importantly, analyses of the silylated mixtures 
carried out by GC-MS indicated that the decomposition 
by continuously bubbling oxygen yielded large amount 
of alkyl intermediates. These products mainly included 
some of diacid and hydroxyl substituted dicaid and 
almost all of them were confirmed with samples of 
authentic material that was processed in the same way  
 
 
 
Table 2 Products results from the photoelectrocatalytic degradation of phenol, observed as TMS derivatives by GC-MS. 
 
Peak No. Intermediate R. T. min F. W. m/z values (relative abundance) EI 
0 OH
 
2.09 166 65 (6.9), 73 (7.8), 77 (6.3), 91 (9.1), 93 (8.5), 135 
(5.3), 151 (100), 152 (15.1), 153 (4.9), 166 (31.9) 
1 HO2C CO2H  2.24 234 66 (9.4), 73 (100), 74 (9.0), 133 (4.5), 147 (99), 148 
(14.3), 190 (4.7), 219 (3.3) 
2 HOOC-CH2-COOH 4.87 248 66 (4.5), 73 (24.8), 75 (7.9), 147 (100), 149 (16.9), 
233 (5.0) 
3 HOOC COOH
 
5.95 260 73 (36.4), 75 (8.9), 93 (11.8), 133 (3.4), 147 (100), 
148 (16.7), 170 (7.0), 245 (7.8) 
4 
OH
OH  
6.05 254 73 (100), 74 (8.4), 136 (8.3), 147 (6.8), 151 (15.2), 
166 (10.9), 239 (6.4), 254 (20.8), 255 (4.7) 
5 HOOC
COOH  
6.12 262 73 (40), 74 (6.3), 75 (38), 129 (8.5), 147 (100), 148 
(14.6), 247 (13.6), 262 (3.5) 
6 HOOC
COOH  
6.58 260 73 (45.2), 133 (5.7), 143 (26.0), 147 (53.6), 155 
(4.3), 245 (100), 246 (18.3), 247 (8.3) 
7 OH
HO  
7.31 254 73 (81.9), 112 (10.0), 147 (5.6), 223 (7.2), 239 
(91.3), 240 (18.8), 254 (100), 255 (24), 256 (9.7) 
8 
OH
COOHHOOC
 
7.43 336 73 (88.9), 75 (18), 133 (7.2), 147 (100), 148 (9.0), 
221 (6.2), 292 (12.2), 321 (6.3) 
9 
COOH
HOOC
HO  
9.12 350 73 (100), 75 (32), 133 (7.2), 147 (76.9), 190 (11.5), 
233 (22.1), 234 (4.7), 307 (4.6), 335 (10.6) 
10 CO2H
CO2H  
10.10 286 73 (73.5), 95 (7.9), 147 (53.5), 153 (6.2), 169 (100), 
170 (11.6), 196 (5.2), 271 (8.6), 286 (2.7) 
11 
OH
HO
OH
 
10.81 342 73 (89.3), 74 (9.2), 147 (12.5), 239 (36.9), 254 
(10.0), 328 (6.9), 342 (100), 343 (26.5), 344 (15.2) 
12 
COOH
HOOC
HO
OH  
11.73 440 73 (100), 74 (8), 75 (11), 93 (6), 147 (66), 148 (10), 
149(7), 189 (7), 219 (7), 227 (5), 292(13), 293(7) 
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that showed the same chromatographic and MS 
behavior, except the hydroxyl malonic acid. The mass 
spectra data for these intermediates were given in Table 
2. Then these carboxylic acids were again catalyzed by  
the TiO2 electrode and underwent rapid oxidation, 
hydrolyzation, and decarboxylation to the final 
conversion into carbon dioxide and water. 
 
4  CONCLUSION 
 
In summary, the photoelectrocatalytic degradation of 
phenol was researched carefully to reveal the reaction 
process under simulated sunlight by TiO2-film 
electrode. These experimental results showed that 
phenol in alkaline solution was degraded faster than 
that in acidic solution whereas dissolved organic carbon 
removal presented an opposite order in dependence of 
pH. It was also found that the role of dissolved oxygen 
on the mineralization of these intermediates with the 
TiO2 film was significant by the examination of total 
organic carbon. 
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